sulfhydryl concentrations were lower in the newborn babies. In contrast to the adult group, the measured TRAP in the newborn babies did not correlate with the calculated TRAP. This may be due to differences in inhibition or recycling of antioxidants in the newborn and adult groups. Theoretical considerations showed that there may be a large unidentified group of antioxidants that contribute to measured TRAP in plasma. Bilirubin and P-carotene were measured (higher and lower concentrations, respectively, in the newborn) in an attempt to identify these antioxidants. The efficient plasma radical trapping capacity in the cord blood may partly compensate for deficiencies in other components of the antioxidant defenses, e.g. cellular enzymes, at the time of birth. (Pediatr Res 26: 20-24, 1989) Abbreviations TRAP, total radical trapping antioxidant parameter TRAPmeas, measured TRAP TRAPcalc, calculated TRAP UNID, unidentified antioxidant Bronchopulmonary dysplasia, intracerebral hemorrhage, and retinopathy of prematurity are common problems in very low birth wt babies and are major contributors to their high morbidity (I). Despite evidence that these diseases are produced by oxygen toxicity (2, 3), attempts to limit their incidence and severity, by prophylactic therapy with the fat-soluble antioxidant vitamin E, have produced conflicting results (4) .
The total antioxidant capacity in man is dependent on the synergistic action of various antioxidants, e.g. enzymes such as glutathione peroxidase and agents such as vitamin E and C and uric acid (5, 6) . This potentially important interaction between the various antioxidants has not been explored in clinical studies (6, 7) . A test has been developed to measure the total radical trapping capacity in plasma (7) . This TRAP was measured in healthy adults and the contributions of vitamins E and C, uric acid and sulfhydryl groups to the TRAP were estimated (7). Subsequently Thurnham et al. studied ill patients and found abnormal radical trapping capacities in adults with rheumatoid arthritis (8) and children with malaria (9) .
In the newborn the protective role of these antioxidants and their possible interactions should also be considered (3). We therefore measured the concentration of various plasma antioxidants and the TRAP of newborn babies of varying gestational age.
MATERIALS AND METHODS
Patients. Venous blood samples were obtained from 17 adults after a 4-h morning fast. All adults were healthy, nonsmoking, Caucasian volunteers: 11 male, six female; age 29 y [mean (SD)] (4). In 38 Caucasian babies, venous cord blood samples were obtained from the separated placenta, within 15 min of their birth. Hemolysis was prevented by gentle aspiration using a syringe and a 19-French gauge needle. The mothers were healthy, and their babies weighed between the 10th and 90th percentile (10) and showed no evidence of birth asphyxia (Table 1) . In seven mothers P-sympathicomimetics (n = 7), and indomethacin (n = 2) were used to inhibit labor (preliminary analysis showed that these agents did not influence the measurements).
Meausurements. The heparinized blood was immediately centrifuged (750 x g, 10 min) and the plasma stored under argon gas at -70°C until analyzed within 4 wk. Preliminary studies confirmed that the TRAP value and the vitamins C and E and sulfhydryl levels (7, 9) did not change over this period.
Plasma antioxidants. Uric acid and total bilirubin were measured on a SMAC I1 automatic analyzer (Technicon Instruments, Tanytown, NY) by the manufacturer's methods (1 1, 12 ). Vitamin E, p-carotene, and total vitamin C concentrations were measured by HPLC (13) (14) (15) . The total plasma sulfhydryl concentration was measured by Ellman's method (16) as adapted by Koster et al. (17) [within (n = 10) and between assay (n = 5) coefficients of variation were 3 and 1.7% respectively].
Measurement of TRAP (7) . Measurement details are given in Figure 1 . Although these antioxidants are considered to be the major plasma antioxidants, other compounds may also contribute to the TRAP. These UNID were calculated as TRAPmeas minus TRAPcalc (7, 8) . Bilirubin (18) and /3-carotene (7) may contribute to this unidentified component and their plasma concentrations were therefore measured (see above).
Statistics. The differences between the results in the three groups were tested by ANOVA. When significant, pair-wise comparisons were carried out using the independent t test, except for the /3-carotene measurements in which a nonparametric test (Kruskal-Wallis) was used. Correlations were calculated by Pearson's method. Values of p < 0.05 were regarded as significant. Table 2 shows the plasma concentrations of the various antioxidants. The uric acid concentration was similar in the three groups but the vitamin C concentration was higher and the vitamin E and sulfhydryl concentrations were lower in the preterm and the term babies. The bilirubin levels were higher and the (3-carotene lower in the newborn babies. The fat soluble antioxidants vitamin E and (3-carotene had, by far, the lowest concentration of the measured antioxidants. The results in the preterm and term babies were not significantly different. There were no gender-related differences in the antioxidant concentrations. Figure 2 shows the TRAPmeas, TRAPcalc, and the calculated individual trapping capacity of uric acid, vitamin C, suifhydryl, vitamin E, and the unidentified antioxidants. The TRAPmeas and TRAPcalc were higher in the preterm babies than in the adults. In the term babies only the TRAPcalc was higher than in the adults. The contribution of uric acid to the TRAP was similar in all the groups, but that of vitamin C higher, and vitamin E and sulfhydryl lower in the newborn babies. The contribution of UNID was similar and large in all groups. The TRAPmeas, TRAPcalc, and antioxidant contributions in the preterm and term babies were not significantly different; and did not correlate with the gestational age (results not shown). Table 3 shows the calculated percent contribution of the antioxidants to the TRAPmeas. Table 4 shows the correlations of TRAPmeas with TRAPcalc and the calculated trapping capacity of the individual antioxidants. In the adult, unlike the newborn babies, the TRAPmeas correlated with the TRAPcalc and uric acid. The UNID in both the adult and newborn babies correlated with the TRAPmeas. There was a weak negative correlation between TRAPmeas and vitamin E in the newborn babies ( p < 0.04).
In an attempt to measure the role of bilirubin in the TRAP, using the stoichiometric factor, n = 2.0 (19), we calculated its (Table 2) is too low to make a significant contribution to the TRAPcalc.
DISCUSSION
The pathogenesis of oxygen toxicity in the newborn baby is related to the production of excess amounts of the highly reactive species of oxygen (superoxide-and hydroxyl-free radicals, and hydrogen peroxide) (2, 3) . This occurs during exposure to high ambient oxygen concentrations, but factors such as iron overload (3, 20) and excess xanthine oxidase activity (21) may also be important. The defenses against oxygen toxicity (5) include enzymes, e.g. superoxide dismutase and glutathione peroxidase (22) , metal chelators, e.g. transfenin and ceruloplasmin (20) , and various antioxidants, e.g. vitamins E and C, 0-carotene, sulfkydryl groups, and uric acid (7). In studying the role of the antioxidant defenses in the prevention of oxygen toxicity in the newborn baby, much attention has been paid to the role of vitamin E and the antioxidant enzymes (4, 22) but little attention has been given to the other antioxidants (3) . Synergistic interactions occur between the various antioxidants and complete understanding of the total antioxidant defense system in the baby will require measurement of the combined effect of the antioxidants and not just the measurement of their individual cellular or plasma concentrations (6, 7) . Antioxidants that reduce the rate of production of new radicals, e.g. superoxide dismutase, transfenin, are referred to as primary or preventive antioxidants. Antioxidants that trap radicals and thereby reduce the chain length of oxidation are referred to as secondary or chain-breaking antioxidants, e.g. vitamin E and C (23) . The TRAP provides a means of assessing the total capacity of the chain-breaking antioxidants to prevent lipid peroxidation in plasma.
We found that at birth, well newborn babies have TRAPmeas values equal to and in preterm babies even higher than the adults. The results in the adults were similar to those found in two previous studies (7, 8) . This efficient plasma-free radical trapping capacity at birth may partly compensate for deficiencies in other antioxidants such as transfemn (20) and superoxide dismutase (22) .
The values of the TRAPcalc were considerably lower than the TRAPmeas in all the groups. Two possible explanations for this finding are that either all the plasma antioxidants have not been identified or that the stoichiometric values (n) used to calculate their free radical trapping capacity are too low. Very recently bilirubin has been recognized as being an important antioxidant (18, 19) . It has a high plasma concentration and a powerful radical trapping capacity (n = 2), but including its contribution in the TRAPcalc still left a large unidentified component. The concentration of the fat-soluble @-carotene in the plasma was too low to explain the remaining gap. However, the plasma proteins are present in high concentrations and only their sulfhydryl groups are used in the formula estimating the TRAPcalc: the amino acids tryptophan, tyrosine, and histidine can also act as antioxidants and may partly account for the unidentified antioxidants (7) . Because of the apparently high concentration of unidentified antioxidant it will be important to specifically identify its components and determine what perinatal factors influence their concentrations. The other explanation for the lower TRAPcalc is that the stoichiometric values may be too low. Different workers use different stoichiometric values for the antioxidants, e.g. n = 0.33 and 2.0 instead of n = 0.2 and 1.3 for the sulfhydryl groups and uric acid, respectively (7, 24) and, furthermore, Wayner et al. (25) have shown that the value for vitamin C is concentration dependent. However, even if all the contributing antioxidants are identified and their correct stoichiometric values used, the TRAPcalc does not take into account the very important interactions that occur between antioxidants when they work in unison (6, 7) . For example, the recycling of vitamin E (with its stronger free radical trapping capacity, n = 2) by vitamin C (n = 1.7) is believed to be an important mechanism in defending against lipid peroxidation (7, 26) . These interactions do occur when the TRAPmeas assay is performed and may explain the greater than predicted free radical trapping capacity in plasma. Therefore, it is possible that the unidentified antioxidant is an artefact. The positive correlation of the unidentified antioxidant with the TRAPmeas is, however, evidence against this point of view.
The correlations between the TRAPmeas and the TRAPcalc and individual antioxidants were different in the adults and the babies. In the studies of Thurnham et al. (8, 9 ) the correlation also varied markedly in different patient groups. They suggested that the inhibition of antioxidant activity, e.g. cation binding of urate (27) or increased prooxidant activity may explain these findings (8) . Prooxidant activity due to iron (3) may be particularly important in the newborn plasma as transfenin is highly saturated with iron (28) . The unidentified antioxidants showed the strongest correlation with the TRAPmeas in both the newborn and adults emphasizing the need to identify its components.
Despite the possible errors in calculating the exact contribution of the antioxidants to the TRAPmeas they are present in large concentrations and their role in the total antioxidant capacity of the newborn baby requires study. Some of these antioxidants, e.g. uric acid (29, 30) have received little attention in the newborn, and others have markedly different plasma concentrations compared to the values in adults.
The uric acid levels in the cord blood were similar to the adult values. Uric acid levels at birth are closely related to the maternal values (3 1). Uric acid was the major contributor (38-47%) to the TRAPcalc in the newborn and the adult, but only in the adult did it correlate with the TRAPmeas; a possible reason has been mentioned above. Ames et al. (32) hypothesized that uric acid, because of its powerful antioxidant capacity and high plasma concentration, is a major antioxidant in man and protects against aging. We subsequently suggested that uric acid also plays an important role at birth when the baby emerges from the relatively hypoxic conditions in utero into the raised oxygen levels of our environment (29) . The high uric acid levels at this time contrast with the low levels of other components (e.g. transferrin, superoxide dismutase) of the antioxidant defenses (20, 22) .
The vitamin C levels in the babies were two to three times higher than in the adults. Vitamin C is actively transported across the placenta (33) and the maternallfetal ratio is 0.5. Vitamin C was calculated as contributing only 13% in the adults but 25-29% of the TRAP in the babies, and was thus the second largest contributor in the newborn. Vitamin C, despite its large calculated contribution, however, had the weakest correlation of all the antioxidants with TRAPmeas. We, like Thurnham et a/. (8) , measured the total vitamin C rather than just the reduced ascorbate as done by Wayner et al. (7) . Only 5% of vitamin C is in the oxidized form in normal adult plasma (34): if our assumption that this is so in the newborn baby is not valid, the calculated contribution and correlation findings are incorrect.
The sulfhydryl groups have the highest plasma concentration of all antioxidants, but they are relatively ineffective antioxidants and their percent contribution to the TRAP is low. Wayner et al. (7) showed in vitro that the sulkydryl groups are the "most expendable" of the secondary antioxidants and are the first to be consumed in the TRAP assay. The higher plasma protein levels (the major source of sulfhydryl groups in the plasma) in the adult explains their higher sulfhydryl group concentrations. Interestingly, although plasma protein levels are related to gestational age the sulfhydryl concentrations were similar in the preterm and term babies.
Vitamin E is the lowest contributor (2-5%) to the TRAP. The concentration of this fat soluble vitamin is low in cord blood, which has low fat levels, and its contribution to the TRAP is lower in the newborn babies. However, vitamin E is the major chain-breaking antioxidant in the lipid membrane and thus an essential member of the antioxidant defenses. The recycling of the limited vitamin E concentrations by vitamin C, which is able to reduce the tocopherol radical in the lipid phase, is believed to be very important (7, 26) . The high cord blood vitamin C levels in the newborn may result in maximal use of the limited vitamin E concentrations. Uric acid and sulfhydryl groups, unlike vitamin C, are unable to regenerate vitamin E and these "sacrificial" antioxidants act more by sparing vitamin E than by recycling (7) \
.
Free radical chain oxidation and the interaction of various antioxidants are now attracting the attention of nutritionists (35) . The important role of vitamin C and uric acid in the TRAP at birth suggests that changes in their concentration due to nutritional and iatrogenic factors may influence the susceptibility of the baby to oxygen toxicity. We have shown that the vitamin C content of human milk falls when it is processed (36) and reported a marked postnatal fall in plasma uric acid levels in the preterm baby (30) . The TRAP test uses only 50 of plasma and may prove to be a useful test for assessing the postnatal changes in the total radical trapping capacity of the plasma in the preterm baby.
